Strains of Yersinia enterocolitica and Yersinia pseudotuberculosis were characterized by deoxyribonucleic acid (DNA) hybridization, and the extent of DNA relatedness between the strains was assessed by hydroxyapatite chromatography. DNAs from 24 strains of Y . pseudotuberculosis were highly related, but Y . pseudotuberculosis was only 40 to 60% related to Y . enterocolitica. Y . enterocolitica strains formed three DNA relatedness groups, and the data strongly suggest a fourth relatedness group. Each relatedness group can be defined biochemically. One DNA relatedness group corresponds to typical Y . enterocolitica; the second is rhamnose positive; the third is rhamnose positive, melibiose positive, a-methyl glucoside positive, and raffinose positive. The suggested fourth hybridization group is sucrose negative. Although all of these DNA relatedness groups should remain in the genus Yersinia, only the first group is Y . enterocolitica. All of the yersiniae tested are distantly, but significantly, related to other members of Enterobacteriaceae. Yersiniae were more related to members of Enterobacteriaceae than to Pasteurella multocida .
Strains of Yersinia enterocolitica and Yersinia pseudotuberculosis were characterized by deoxyribonucleic acid (DNA) hybridization, and the extent of DNA relatedness between the strains was assessed by hydroxyapatite chromatography. DNAs from 24 strains of Y . pseudotuberculosis were highly related, but Y . pseudotuberculosis was only 40 to 60% related to Y . enterocolitica. Y . enterocolitica strains formed three DNA relatedness groups, and the data strongly suggest a fourth relatedness group. Each relatedness group can be defined biochemically. One DNA relatedness group corresponds to typical Y . enterocolitica; the second is rhamnose positive; the third is rhamnose positive, melibiose positive, a-methyl glucoside positive, and raffinose positive. The suggested fourth hybridization group is sucrose negative. Although all of these DNA relatedness groups should remain in the genus Yersinia, only the first group is Y . enterocolitica. All of the yersiniae tested are distantly, but significantly, related to other members of Enterobacteriaceae. Yersiniae were more related to members of Enterobacteriaceae than to Pasteurella multocida .
The former Pasteurella species P. pestis and P. pseudotuberculosis have been placed in the new genus Yersinia within the family Enterobacteriaceae (9). A third species, Yersinia enterocolitica, has also been placed in this genus (9, 13, 25). Y . enterocolitica was first described in the United States in 1939 (30) and then in Europe some 10 years later (16). The organisms were human pathogens described as resembling Yersinia pseudotuberculosis or aberrant forms of Y . pseudotuberculosis (16, 30) . A fourth species, Yersinia philomiragia, was proposed in 1969 (18) , but it has not been generally accepted.
In the 1950s and 1960s, Y . enterocolitica was isolated from various animal species, including the chinchilla, cat, dog, galago, deer, cow, beaver, monkey, Canada goose, camel, racoon, robin, oyster, pig, and hare, and also from water (20,24,34,37,39). Until 1966 there were only 23 isolates of Y . enterocolitica from humans; by 1974 this figure had soared to more than 4,000 (34) . Most of the isolates were from Europe; the first culturally confirmed case in the United States in 21 years was reported in 1970 (32). These organisms have been implicated in acute gastroenteritis, acute terminal ileitis, mesenteric lymphadeni tis, septicemia, conjunctivitis, meningitis, abscesses, polyarthritis, and Crohn's disease ( (28) .
The purpose of this study was to characterize
Y . enterocolitica and Y . pseudotu berculosis both biochemically and by DNA hybridization. DNA relatedness and the phenotypic basis of DNA relatedness are determined. The data are discussed with regard to biogrouping, speciation, and diagnostic identification of yersiniae.
MATERIALS AND METHODS
Organisms, media, and biochemical characterization. The bacteria used in this study are listed in Table 1 . The organisms were maintained on either brain heart infusion agar or blood agar base. Biochemical tests were carried out as described by Edwards and Ewing (11) . Deoxyribonuclease was assayed as described by Ewing and Davis (12) . All tests were carried out a t 35 C except that for gelatin, which was incubated at 22 or 35 C and then refrigerated to assay for liquefaction, and that for motility, which was carried out at 22 as well as 35 C. Except where contraindicated (ll), tests were held and read for 7 days.
Bacteria were cultivated on brain heart infusion broth, and a modified C medium was used in the preparation of DNA labeled with "PO, (5). The preparation of both labeled and unlabeled DNA has been described (5) .
DNA reassociation. The conditions used for DNA reassociation, the subsequent separation of singleand double-stranded DNA on hydroxyapatite (HA), and thermal elution chromatography on HA have been described previously (6-8). DNA from reference organisms was labeled with 32P0,. The labeled DNA at a concentration of 0.1 pg/ml (specific activity of between 1 x lo4 countslmin per pg and 1.2 x 10;' counts/min per pg) was added to 150 pg of unlabeled DNA per ml from the homologous strain and other strains of interest. The 1,500-fold excess of unlabeled DNA insured maximum opportunity for the labeled DNA to reassociate with unlabeled DNA and little opportunity for complementary strands of labeled DNA to reassociate. The mixture of labeled and unlabeled DNA in 0.28 M phosphate buffer (PB; equimolar mixture of Na,HPO, and NaH,PO,) was heat denatured and incubated at the desired temperature for 16 h (approximately 100 Cot's; reference 8). Self-reaction of labeled DNA was controlled by including a reaction containing only labeled DNA. After incubation, the mixture was diluted to 0.14 M PB and passed through HA equilibrated with 0.14 M PB + 0.4% sodium dodecyl sulfate.
Reassociated (double-stranded, hybridized) DNA was adsorbed to HA and single-stranded DNA was eluted. The double-stranded DNA was eluted by either increasing the PB concentration to 0.4 M PB or by increasing the temperature in 5-degree increments. In the latter case, bound DNA became denatured and eluted from HA as the temperature exceeded the T,,,,,, (that temperature a t which 50% of a given double-stranded DNA was eluted from HA).
The amount of relatedness between organisms was assessed by normalizing the amount of DNA bound to HA in heterologous reactions to that bound to HA in the homologous control reaction. Relatedness was expressed in percent and is conveniently referred to as the relative binding ratio (RBR). Percent divergence (D) of the related sequences can be calculated by comparing the thermal stability of the heterologous reactions to that of the homologous reaction. Approximately 1% unpaired bases was assumed to result in a l-degree decrease in thermal stability (21) . Reactions were carried out both at 60 C, where optimum reassociation occurs, and at 75 C, where only closely related sequences will reassociate. In these studies the average homologous DNA reassociation was between 75 and 90%, and the binding of a control containing only labeled DNA was 1 to 3%. This control value was subtracted from reactions exhibiting less than 10% reassociation. Closely or highly related strains were usually taken as those that yield an RBR of 70% or greater. Characteristic of closely related strains is the fact that the majority of DNA sequences that form duplexes at 60 C are stable at 75 C.
RESULTS

Strains of
Y . enterocolitica and Y . pseudotuberculosis obtained from diverse geographical areas and from human, animal, and water sources were employed to obtain a representative sample ( Table 1 ). Strains that were atypical biochemically were included in an attempt to define the taxonomic boundaries of these species. Approximately 65 biochemical tests were used to characterize most of the strains studied (Tables 2 and 3) . Y . enterocoZitica strains gave both positive and negative reactions in 31 tests ( Table 2) , whereas Y . pseudotubercuZosis strains gave both positive and negative reactions in only 10 tests ( Table 3) .
DNA hybridization reactions were carried out to group these yersiniae genotypically, to determine genetic relatedness between these yersiniae and other members of Enterobacteriaceae, and to correlate phenotypic heterogeneity with genetic divergence. between distantly related species of Enterobacteriaceae (4). Results similar to those shown in Table 4 were also obtained when two other typical strains of Y . enterocolitica, 497-70 and C5427 (see Table 21 , were used as reference strains.
The reactions for indole, D-xylose, esculin, and salicin, respectively, were designated as positive ( +) or negative (-) (19) recognized four biogroups, within which were the following patterns for indole, xylose, esculin, and salicin, respectively: ----, -+ --, ++--, ++++, and -++-. We obtained a greater variety in the patterns of indole, xylose, esculin, and salicin reactions, observing -+--, -++-, --++, -+-+, ---+, -+++, ++---, ++-+, +++-, and ++++ (Tables 2 and 3 ). Many of the strains employed by Knapp and Thal (19) and those used in the present study were the same, having come from the culture collection at the Pasteur Institute. The reactions we observed in many of these strains were different from those recorded by Knapp and Thal (19) . The reasons for these differences will be discussed below.
Because of these biochemical differences, we chose reference strains of Y . enterocolitica known to belong to biogroups 1, 2, and 3 of Knapp and Thal (19) . The results obtained with labeled DNA from Y . enterocolitzca 211 (biogroup 2) are shown in Table 5 
The + or -symbols indicate positive or negative reactions for indole, xylose, esculin, and salicin, respectively.
RBR, Relative binding ratio = % (heterologous DNA bound to HA)/(homologous DNA bound to HA) x 100. RBR is a convenient way to express percent relatedness.
' D, Percent divergence. D is calculated on the assumption that a l-degree C decrease in thermal stability of a heterologous DNA duplex compared to that of the homologous DNA duplex is caused by each 1% of the bases within the duplex that are unpaired (21) . For example, consider organisms A and B which are 50% related (RBR = 50%). The thermal stability of a n A-A duplex is 92 C, and the thermal stability of an A-B duplex is 77 C; the percent divergence (D) of the related DNA is 15.0.
Binding of DNA from Y . enterocolitica 501-70 to HA was 79% after incubation at 60 C and 78% after incubation a t 75 C. The thermal stability of DNA bound to HA at 60 C was 92.3 C. tween Y . enterocolitica and 15 strains of Pasteurella multocida was between 6 and 13%.
Similar patterns of relatedness between Y . enterocolitica, Y . pseudotuberculosis, and P . multocida were observed when Y . enterocolitica strains 614 (biogroup 1) and 106 (biogroup 3) were used as reference strains.
We next employed two grossly atypical strains of Y . enterocolitica as the sources of reference DNA. These are strain 178 (--+ +>, which is nitrate negative, ornithine negative, sorbitol negative, trehalose negative, and sorbose negative, and strain 48 (+ + + +, biogroup 4), which is methyl red positive, citrate positive, rhamnose positive, cellibiose negative, and melibiose positive. We tested relatedness between these strains and members of all four biogroups ( Table 6 ). Strain 178 was highly related to all typical (by hybridization) Y . enterocolitica ( ' See footnotes a , b, c of Table 4 for explanation. 
490, 1474, 1475).
The other two groups were rhamnose positive. One of the rhamnose-positive groups (strains 867, D2705) was raffinose negative, melibiose negative, and a-methyl glucoside negative; the other was melibiose positive, a-methyl glucoside positive, and usually delayed positive for rafinose (strains 17, 48, 56, 57, C1889, C3651, C3741). DNA relatedness data indicated that the two groups of rhamnose-positive strains belong to different hybridization groups, each of which was distinct from typical Y . enterocolitica strains. The sucrose-negative strains are in a hybridization group separate from both typical Y . enterocolztica and from strains positive for rhamnose, a-methyl glucoside, and melibiose. Since neither a sucrose-negative strain nor a rhamnose-positive, melibiose-negative, a-methyl glucoside strain has been used as a reference strain, we cannot yet assign them to different hybridization groups.
Y . pseudotuberculosis strains formed the only highly related hybridization group ( Table  7) . This was not surprising in view of the extremely similar biochemical profiles of these strains ( Table 3) . RBR values between Y . pseudotuberculosis strain P105 and typical strains of Y . enterocolitica were about 40 t o 50%.
Two ranges of RBR and D values occurred
between strain P105 and strains of P. multocida ( P281  P7  P262  P62  P65  23207  P43  P293  P320  P48  P68  P385  P463  P27  P418  P407  P417  P32  P324  4284  913  P25  P279 12947 85  85  83  83  81  81  53  48  46  45  43  42  42  32  27  26  26  24  17  17  13  11  10  9  7  7  30  29  29  22  22  21  19  18  17  17  15  15  14  14  11 (Table 5) . Knapp and Thal (19) placed Y. enterocolitica and Y enterocolitica-like organisms into four groups according to reactions for indole, xylose, esculin, and salicin. Group 1 is ----or -+ --for these reactions. Group 2 is + + --, and group 3 is + + + +. Tables 4-6 ) all belonged to the same DNA relatedness group. Therefore, we saw no reason to separate indole-positive and indole-negative strains and no basis for excluding group 3 strains from Y . enterocolitica. The group 4 strains tested were less closely related to typical Y . enterocolitica ( Table 6 ). In fact, they definitely formed two (and probably a third) relatedness groups separate from that of typical Y , enterocolitica . Sucrose-negative strains varied in the ability to ferment lactose (Tables 2 and 3 ). These strains are acetoin negative (35) . Only one of the three sucrose-negative strains used in hybridization experiments was lactose positive. The same held true for rhamnose-positive strains where both positive and negative lactose reactions were observed (Tables 2 and 3 ). The rhamnose-positive strains formed two relatedness groups (Table 61 , one of which could be differentiated by a-methyl glucoside, melibiose, and usually raffinose tests.
All strains of Y . pseudotuberculosis belonged to one DNA relatedness group. This finding correlates well with the rather homogeneous biochemical profiles of these strains (Tables 2   and 3 ; references 24, 37, 38). Y. pseudotuberculosis (Table 7 ) was 40 to 60% related to Y . enterocolitica. Both Yersinia species showed low but significant relatedness to other members of Enterobacteriaceae. It is difficult to use hybridization data for taxonomic purposes at the family level; suffice it to say that this level of relatedness seems to be present as a "core" within distantly related members of Enterobacteriaceae (4) .
Y . enterocolitica strains had RBR values of 6 to 13% to P. multocida (Tables 5 and 6 ). Y . pseudotuberculosis exhibited RBR values of 7 to 32% to strains of P. multocida (Table 7) . These reactions appeared to fall into two ranges of relatedness (7 to 13% and 17 to 32%), or even three ranges of relatedness (7 to 11%, 13 to 17% 24 to 32%). Of particular interest was that, in reactions where the RBR was 17 to 32%, percent D was only 1.7 to 4.5. The low amount of unpaired bases in related sequences was confirmed by the RBR values from 75 C reactions. These values showed that at least two-thirds of the sequences related at 60 C remained stable at the stringent 75 C reassociation criterion. We have not previously seen evidence of closely related sequences in species where overall relatedness was 30% or less. During this study, biochemical profiles were obtained that were not listed by Knapp and Thal (19) . A search of the literature revealed that several groups of investigators have commented upon the difficulty of interpreting certain biochemical reactions given by Y . enterocolitica at 37 C. This is especially true for indole, xylose, esculin, and salicin for which reactions have been reported as weak, weakly positive, and irregularly positive (2, 10, 26). A second difficulty is that many positive reactions are not evident at 37 C until 5 to 10 days have elapsed. If tests are discarded after 48 h, the number of negatives will be falsely high (or, if one prefers, cultures held for 1 t o 2 weeks will yield a disproportionately high number of positive reactions). It is known that Y . enterocolitica is motile at 22 C but not at 37 C. The same is true for many biochemical reactions. Therefore, the exact temperature of incubation may well be critical to obtaining a positive or negative reaction. One would expect more positive reactions in a laboratory where the incubator was 33 to 35 C than in a laboratory where the incubator fluctuated between 36 and 38 C. In addition, some cultures left at room temperature for an hour or longer might be expected to yield spurious "37 C" positive reactions. Finally, the method used to carry out a given test may affect the results obtained (2, 37).
In 1966 Ritter and Gerloff (28) did hybridizations on single strains of Pasteurella novicida, P . multocida, Francisella tularensis, Y . pestis, Y . pseudotuberculosis, Y . philomiragia, and E . coli. The Yersinia strains were 6 to 14% related to the strains of P . multocida. Y . pseudotuberculosis and Y . pestis strains were 87% related. The Y . philomiragia strain was 24% related to the Y . pestis strain, and the E . coli strain was 22% related to the Y . pestis strain. We tested a single strain of Y . pestis, which was 43% related to Y . enterocolitica 501-70 ( Table 4) . Further work must be done on Y . philomiragia, Pasteurella, and Francisella.
